Abstract: Salvia miltiorrhiza, one of the major traditional Chinese medicines, is commonly used and the main active ingredients-tanshinones-possess the ability to improve renal function. In this paper, the UPLC-TQ/MS method of simultaneously determining four tanshinones-tanshinone IIA, dihydrotanshinone I, tanshinone I, and cryptotanshinone-was established and applied to assess the pharmacokinetics in normal and chronic renal failure (CRF) rat plasma. The pharmacokinetics of tanshinones in rats were studied after separately intragastric administration of Salvia miltiorrhiza ethanol extract (SMEE) (0.65 g/kg), SMEE (0.65 g/kg) combined with Salvia miltiorrhiza water extract (SMWE) (1.55 g/kg). The results showed C max and AUC 0-t of tanshinone IIA, tanshinone I, cryptotanshinone reduced by 50%~80% and CLz/F increased by 2~4 times (p < 0.05) in model group after administrated with SMEE. Nevertheless, after intragastric administration of a combination of SMWE and SMEE, the C max and AUC 0-t of four tanshinones were upregulated and CLz/F was downregulated, which undulated similarity from the model group to the normal group with compatibility of SMEE and SMWE. These results hinted that SMWE could improve the bioavailability of tanshinones in CRF rats, which provides scientific information for further exploration the mechanism of the combination of SMWE and SMEE and offers a reference for clinical administration of Salvia miltiorrhiza.
Introduction
Salvia miltiorrhiza, a traditional Chinese herbal medicine, derived from the root of Salvia miltiorrhiza and belonging to the Salvia genus of family of Labiatae, has been used widely in clinics for the treatment of coronary heart diseases, particularly angina pectoris and myocardial infarction [1, 2] .
Optimization of Mass Spectrometry Conditions
To obtain the best mass spectrometry conditions, the standard solutions of the analytes and internal standard (IS) were separately infused into the mass spectrometer, and were studied in both positive and negative ion modes. The results showed the four analytes and IS had a stronger response in positive ion mode. Product ions were automatically chosen according to the stability and ion response by MS. Declustering potential (DP) and collision energy (CE) for each analyte and IS were also automatically optimized. The optimized MS/MS transitions and MS parameters of four analytes and IS are summarized in Table 1 . 
Method Validation

Specificity
Mixed blank plasma samples from six rats were used to investigate the specificity of the method. Representative multiple-reaction monitoring chromatograms of blank plasma, blank plasma spiked with middle concentration standard solution and IS, as well as plasma samples at 2 h after oral administration of SMEE to rats spiked with IS are shown in Figure 1 . No endogenous interference from the plasma was observed. positive and negative ion modes. The results showed the four analytes and IS had a stronger response in positive ion mode. Product ions were automatically chosen according to the stability and ion response by MS. Declustering potential (DP) and collision energy (CE) for each analyte and IS were also automatically optimized. The optimized MS/MS transitions and MS parameters of four analytes and IS are summarized in Table 1 . Table 1 . The retention time (tR), optimized MS/MS transitions, declustering potential (DP) and collision energy (CE) for four analytes and IS. Mixed blank plasma samples from six rats were used to investigate the specificity of the method. Representative multiple-reaction monitoring chromatograms of blank plasma, blank plasma spiked with middle concentration standard solution and IS, as well as plasma samples at 2 h after oral administration of SMEE to rats spiked with IS are shown in Figure 1 . No endogenous interference from the plasma was observed. 
Analytes tR (min) Precursor Ion (m/z) Product Ion (m/z) DP (V) CE (eV)
Tanshinone
Linearity of Calibration Curves and LLOQs
The calibration curves of four tanshinones exhibited good linearity with correlation coefficients (R 2 ) within the range of 0.991-0.999. The calibration curves and LLOQs of the four tanshinones are summarized in Table 2 . Table 2 . The regression equations, linear ranges, correlation coefficient (R 2 ), and LLOQs for four tanshinones in rat plasma (n = 6). The intra-and inter-day precisions of the four tanshinones in QC samples at three concentration levels are presented in Table 3 . The intra-day precision (RSD) ranged from 1.41% to 7.19% and inter-day precision (RSD) ranged from 3.35% to 7.80%. Table 3 . The intra-and inter-day precisions of four tanshinones in QC samples at three concentration levels (n = 6 replicates per day). The mean matrix effects of the four tanshinones at low, middle, and high concentration ranged from −8.75% to −13.8% RSD ≤ 8.99%. No obvious matrix effect was observed. The mean extraction recoveries of the four tanshinones in plasma at three different concentration levels were found to be from 84.80% to 94.51% with RSD ≤ 7.71%. The data are summarized in Table 4 .
Analytes
Stability
The data of stability experiments are summarized in Table 5 , indicating that the four tanshinones in rat plasma were stable after three freeze-thaw cycles and at room temperature for 8 h. Table 5 . Room-temperature stability and triple freeze-thaw stability of four tanshinones in QC samples at three concentration levels (n = 6). 
Analytes
Determination of Biochemical Indicators in Adenine-Induced CRF Models
The analytical results of biochemical indicators were presented in Figure 2 . After 14 days of testing, serum creatinine (Scr), blood urea nitrogen (BUN), and urinary protein (UP) in the CRF rats increased significantly compared with control group (p < 0.05 or p < 0.01 or p < 0.001). Table 4 . Extraction recovery and matrix effects of four tanshinones in QC samples at three concentration levels (n = 6). The data of stability experiments are summarized in Table 5 , indicating that the four tanshinones in rat plasma were stable after three freeze-thaw cycles and at room temperature for 8 h. Table 5 . Room-temperature stability and triple freeze-thaw stability of four tanshinones in QC samples at three concentration levels (n = 6). 
Analytes Spiked Conc. (ng/mL) Recovery (%) RSD (%) Matrix Effects (%) RSD (%)
Determination of Biochemical Indicators in Adenine-Induced CRF Models
The analytical results of biochemical indicators were presented in Figure 2 . After 14 days of testing, serum creatinine (Scr), blood urea nitrogen (BUN), and urinary protein (UP) in the CRF rats increased significantly compared with control group (p < 0.05 or p < 0.01 or p < 0.001). 
Pharmacokinetics Study
The validated UPLC-MS/MS method was successfully applied to the pharmacokinetic studies of normal rats administered SMEE or SMEE and SMWE compared with CRF rats (n = 6). The profiles of the mean plasma concentration over time for the four tanshinones are illustrated in Figure 3 . The main pharmacokinetic parameters calculated by a non-compartment model are presented in Table 6 . This was the first report on the pharmacokinetic parameters of four tanshinones in CRF rats and this was also the first report about the influence of SMWE on the pharmacokinetic profile of four tanshinones in CRF rats.
As shown in Table 6 , the four tanshinones achieved their maximum plasma concentrations in about 2 h in M-E (intragastric administration Salvia miltiorrhiza ethanol extract to CRF rats) group and do not show significant difference from C-E (Intragastric administration Salvia miltiorrhiza ethanol extract to normal rats) group except for cryptotanshinone, the T max of which was delayed by about 1.5 h in the M-E group. However, the value of C max and AUC 0-t of four tanshinones except for dihydrotanshinone I reduced by 50%~80% and the CLz/F increased by two to four times significantly (p < 0.05) in the M-E group, indicating absorption of tanshinone IIA, cryptotanshinone, and tanshinone I were decreased in CRF rats. Table 6 . Pharmacokinetics parameters of the four tanshinones after intragastric administration of SMEE or SMEE and SMWE (mean ± SD, n = 6). C-E: Intragastric administration Salvia miltiorrhiza ethanol extract to normal rats; M-E: Intragastric administration Salvia miltiorrhiza ethanol extract to CRF rats; C-EW: Intragastric administration Salvia miltiorrhiza ethanol extract and water extract to normal rats; M-EW: Intragastric administration Salvia miltiorrhiza ethanol extract and water extract to CRF rats. * p < 0.05, ** p < 0.01, *** p < 0.001: M-E vs. C-E; # p < 0.05, ## p < 0.01, ### p < 0.001: C-EW vs. C-E; + p < 0.05, ++ p < 0.01, +++ p < 0.001: M-EW vs. M-E; ∆ p < 0.05, ∆∆ p < 0.01, ∆∆∆ p < 0.001: M-EW vs. C-EW. After intragastric administration SMWE to C-E group rats, the value of Cmax and AUC0-t of tanshinone IIA separately decreased from 79.34 μg/L and 534.97 μg/L to 16.61 μg/L and 189.11 μg/L, with CLz/F augmenting from 54.39 μg/L from to 132.76 μg/L, and the variation tendency of the other three tanshinones were the same (p < 0.05), which was consistent with our previous reports about the pharmacokinetic influences of polyphenolics on tanshinones [31] . Nevertheless, after intragastric administration SMWE to M-E group rats, the value of Cmax, Tmax, AUC0-t of four tanshinones was upregulation and that of CLz/F was downregulation, which undulated similarity from the model group to the normal group after intragastric administration with compatibility of SMEE and SMWE. These results hinted that SMWE could improve the bioavailability and absorption of tanshinones in CRF rats, but have a converse effect in normal rats.
Pharmacokinetic processes of drugs in the body are divided into absorption, distribution, metabolism, and excretion. Any changes in the link may cause changes in pharmacokinetic parameters. Previous reports also showed that polyphenolics in Salvia miltiorrhiza can influence the pharmacokinetic of tanshinones in normal rats [28] [29] [30] , which may be involved in the effect of polyphenolics on blood-brain barrier [32] . Due to the great role of intestinal absorption after intragastric administration and the influence of chronic kidney disease on the structure of gut microbiology [33] , the difference of pharmacokinetic parameters of tanshinones in normal and CRF rats may be closely associated with the change of relative enzymes or intestinal bacteria participating in the metabolism, which will be explored by us in the future. After intragastric administration SMWE to C-E group rats, the value of C max and AUC 0-t of tanshinone IIA separately decreased from 79.34 µg/L and 534.97 µg/L to 16.61 µg/L and 189.11 µg/L, with CLz/F augmenting from 54.39 µg/L from to 132.76 µg/L, and the variation tendency of the other three tanshinones were the same (p < 0.05), which was consistent with our previous reports about the pharmacokinetic influences of polyphenolics on tanshinones [31] . Nevertheless, after intragastric administration SMWE to M-E group rats, the value of C max , T max , AUC 0-t of four tanshinones was upregulation and that of CLz/F was downregulation, which undulated similarity from the model group to the normal group after intragastric administration with compatibility of SMEE and SMWE. These results hinted that SMWE could improve the bioavailability and absorption of tanshinones in CRF rats, but have a converse effect in normal rats.
Pharmacokinetic processes of drugs in the body are divided into absorption, distribution, metabolism, and excretion. Any changes in the link may cause changes in pharmacokinetic parameters. Previous reports also showed that polyphenolics in Salvia miltiorrhiza can influence the pharmacokinetic of tanshinones in normal rats [28] [29] [30] , which may be involved in the effect of polyphenolics on blood-brain barrier [32] . Due to the great role of intestinal absorption after intragastric administration and the influence of chronic kidney disease on the structure of gut microbiology [33] , the difference of pharmacokinetic parameters of tanshinones in normal and CRF rats may be closely associated with the change of relative enzymes or intestinal bacteria participating in the metabolism, which will be explored by us in the future.
Materials and Methods
Instruments and Chemicals
Waters Acquity™ Ultra Performance LC system (Waters, New York, NY, USA) equipped with a Quattro Micro MS spectrometer and a Waters Xevo™ G2 TQ MS (Waters MS Technologies, Manchester, UK). MassLynx v4.1 workstation was adopted to analyze the data. Ultrapure water meter (Nanjing Pu Yi Yida Science and Technology Development Co., Ltd., Nanjing, China). Milli-Q system was from Millipore, Bedford, MA, USA. Vacuum freeze-drying equipment (Labconco, UK) and an ultra-high speed centrifuge at low temperature (Thermo, Renfrew, UK) were used. UPLC-grade acetonitrile and formic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). Standard substance Dihydrotanshinone I (20140516) was bought from Nanjing spring autumn biological engineering Co., Ltd. (Nanjing, China). Tanshinone 
Preparation and Determination of SMEE and SMWE
The air-dried Salvia miltiorrhizae Radix et Rhizoma (400 g) was extracted with 2 L purified water three times with ultrasound wave extract at ambient temperature. The extraction was concentrated to 1 g/mL and precipitated with 80% ethanol for 24 h at 4 • C. The supernatant was concentrated and freeze dried into powder as SMWE (62 g). The residue after water extraction was extracted again with 2 L 95% ethanol three times in the same way. After being concentrated under reduced pressure, it was freeze dried into powder as SMEE (26 g). SMEE (40 mg), and SMWE (50 mg) were separately accurately weighed and dissolved in 10 mL 90% methanol containing IS with the concentration of 136.56 ng/mL. The solution was centrifuged at 13,000 rpm for 10 min and 5 µL of the supernatant was injected for UPLC-TQ/MS analysis.
UPLC-TQ/MS Condition
The UPLC-TQ/MS condition refers the previous report [31] with some modifications. The quantitative analysis of the chemical constituents was carried out on Thermo Syncronis C 18 (100 mm × 2.1 mm, 1.7 µm) by UPLC-TQ/MS. A gradient mobile phase system was composed by water (containing 0.1% HCOOH) (A)-acetonitrile (B) at a flow rate of 0.4 mL·min −1 . The optimized UPLC elution conditions were: 0~1 min, 3%~3% B; 1~6 min, 3%~30% B; 6~7 min, 30%~40% B; 7~10 min, 40%~95% B, 10~12 min, 95% B, 12~12.2 min, 95%~3% B. The sample injection was 5 µL and the column temperature was maintained at 35 • C. The autosampler was maintained at 4 • C.
The mass spectrometer was operated in the positive multiple-reaction monitoring mode. The capillary and cone voltage were set at 3.0 kV and 30 V, respectively. The desolvation gas was set to 1000 L/h at a temperature of 500 • C, the cone gas was set to 50 L/h and the source temperature was set to 150 • C. The data acquisition rate was set to 0.2 s. All of the data acquisition and analyses of data were controlled by Waters MassLynx v4.1 software.
Standard Solutions Preparation
The appropriate amounts of four tanshinones were separately weighed and dissolved in methanol as the stock solutions. Mixture stock solution was prepared by mixing and diluting the above-mentioned four stock solutions with methanol to achieve final concentrations of 108 µg/mL for tanshinone IIA, 114 µg/mL for dihydrotanshinone I, 107 µg/mL for tanshinone I, and 111 µg/mL for cryptotanshinone. The mixture stock solution was serially diluted with methanol at ratios of 1:100, 1:200, 1:1000, 1:2000, 1:10,000, 1:20,000, and 1:100,000 to provide a series of working standard solutions at appropriate concentrations in the range of 0.00108-1.08 µg/mL for tanshinone IIA, 0.00114-1.14 µg/mL for dihydrotanshinone I, 0.00107-1.07 µg/mL for tanshinone I, 0.001 and 11-1.11 µg/mL for cryptotanshinone. These series of working standard solutions after addition IS with the final concentrations of 136.56 ng/mL drew a curve, which was applied to calculate the content of four tanshinones and five water soluble salvianolic acids in SMEE and SMWE.
The plasma samples at 24 h from C-E, M-E, C-EW, and M-EW group rats were detected and the concentration were 4.39, 3.69, 3.58, 4.08 ng/mL for tanshinone IIA; 4.26, 4.09, 3.81, 3.94 ng/mL for tanshinone I; 4.52, 4.33, 3.88, 4.26 ng/mL for dihydrotanshinone I; and 4.15, 3.29, 3.82, 4.48 ng/mL for cryptotanshinone, respectively. The plasma concentration at 24 h of four tanshinones was close to 4 ng/mL, so the low concentration of quality control (QC) standard work solutions of four tanshinones was set near to 4 ng/mL. Hence, high, middle, and low concentrations of QC standard work solutions were prepared by diluting the highest concentration point of the calibration curve according to the ratios of 1:1, 1:5, and 1:25, respectively. Three concentrations of QC work solutions were 108, 21.6, 4.32 ng/mL for tanshinone IIA; 114, 22.8, 4.56 ng/mL for dihydrotanshinone I; 107, 21.4, 4.28 ng/mL for tanshinone I; and 111, 22.2, 4.44 ng/mL for cryptotanshinone. IS working solution (136.56 ng/mL) was prepared by diluting the stock solution (122.5 µg/mL) with methanol. All the solutions were stored at −20 • C.
Sample Preparation
The plasma samples were prepared by one-step direct protein precipitation with three times the volume of methanol.
The calibration curve samples and QC samples were prepared by separately adding 20 µL of a series of working standard solutions or 20 µL of three concentrations of standard work solutions, to 50 µL of blank plasma, then 130 µL of IS solution was spiked. Samples of rat plasma (50 µL) were mixed with 20 µL of methanol and 130 µL of IS solution. After vortex-mixing for 30 s and centrifugation at 13,000 rpm for 10 min at 4 • C, 5 µL of the supernatant was injected for UPLC-TQ/MS analysis.
Method Validation
Specificity
Blank plasma samples from different rats were prepared and analyzed to eliminate the interferences from endogenous compounds. IS addition to blank sample with analytes was analyzed to investigate the potential interferences of IS. The chromatograms from blank plasma, blank plasma spiked with IS, blank plasma spiked with analytes and IS, as well as plasma samples after oral administration of SMEE were compared.
Linearity of Calibration Curves and Lower Limits of Quantification (LLOQ)
The calibration curves for these four compounds were formed by plotting peak-area ratios (Y) of each analyte to the IS versus plasma concentrations (X), using the least-square linear regression with a weighting factor 1/X. The ratio of signal to noise above 10 was defined as LLOQ.
Precision
The intra-day and inter-day precision of four tanshinones were separately estimated by determining six replicate QC samples at three different concentration (low, medium, and high) levels on the same day and on three consecutive days using calibration curves obtained daily. RSD of the precision must be below 15% at each concentration level [34] .
Extraction Recovery and Matrix Effect
The extraction recovery and matrix effect of four tanshinones were determined by analyzing six replicates of plasma samples at three QC concentration levels. The extraction recoveries evaluated by comparing the content of the 20 µL analytes spiked in 50 µL blank plasma precipitated with 130 µL IS calculated by standard curve with the actual additive content. The matrix effect was calculated by comparing the peak areas of the 20 µL analytes spiked in 50 µL blank plasma precipitated with 130 µL IS with those spiked in 50 µL water addition to 130 µL IS.
Stability
The stability of all analytes in rat plasma was studied by analyzing six replicate QC samples at three different concentrations including: room-temperature stability, freeze, and thaw stability.
The freeze and thaw stability were determined after three freeze-thaw cycles (from −80 • C to 25 • C). The room-temperature stability was assessed by analyzing QC samples kept at room temperature for 8 h. All QC samples were determined by using a daily calibration curve. The RSD of stability by calculating the concentration should be within ±15% [34] .
3.6.6. Animals All experimental procedures were carried out in accordance with the Guide for the Care and Use of Laboratory Animals, and before the animal experiments were carried out, the procedures were approved by the Research Ethics Committee of Nanjing University of Chinese Medicine (Nanjing, China). Male SD rats were obtained from the Central Animal Breeding House of Nanjing University of Chinese Medicine (Nanjing, China). They were housed in cages with a constant humidity (ca. 60% ± 2%) and temperature (ca. 25 ± 1 • C) with a light/dark cycle of 12 h. The animals were used for six weeks and underwent an adaptation period of several days, during which they were given free access to water and food.
The 24 rats weighing 190~210 g were randomly divided into two groups (N = 12/group), a control group and model group, after measuring their body weight. The model group was given 150 mg/kg·d body weight of adenine dissolved with 1% (w/v) gum acacia solution (by gastric gavage) for 14 days to establish an adenine-induced CRF model. Urine and plasma were collected for biochemical indicator measurements-Scr, BUN, and UP-which were applied to evaluate the model. During those 14 days, the control group was similarly given an equal volume of gum acacia solution every day. Body weight was measured daily for all rats. On the last day, the control rats were divided into C-E group and C-EW group. The model rats were also divided into an M-E group and M-EW group. Both C-E and M-E groups were gavaged 0.65 g/kg SMEE (equivalent to 16.42 mg/kg of tanshinone IIA, 13.36 mg/kg of dihydrotanshinone I, 56.85 mg/kg of cryptotanshinone, 8.12 mg/kg of drotanshinone I). Both C-WE and M-WE groups were administered 0.65 g/kg of SMEE combined with 1.55 g/kg SMWE. Blood samples were collected in 1.5 mL heparinized tubes via the postorbital venous plexus veins from each rat before drug administration and at 0.083, 0.17, 0.5, 1, 2, 4, 6, 8, 12, and 24 h after drug administration. The blood samples were centrifuged at 3000 rpm for 10 min. The plasma was collected and stored at −80 • C until analysis.
Applications in Pharmacokinetic Studies
The pharmacokinetic analysis was performed by a non-compartmental approach using the DAS version 3.0 (BioGuider Co., Shanghai, China). The following pharmacokinetic parameters were calculated: area under the plasma concentration-time curve from time zero to infinity (AUC 0-∞ ), area under the plasma concentration-time curve from zero to the time of last measurable concentration (AUC 0-t ), maximum observed plasma concentration (C max ), time to first occurrence of C max (t max ), half-life in elimination phase (t 1/2 ), volume of distribution (Vz/F), mean residence time (MRT).
Conclusions
In this study, a simple, rapid, and sensitive UPLC-TQ/MS method was successfully established and applied to determine four tanshinones in SMEE before and after combination with SMWE simultaneously in normal and CRF rats. The pharmacokinetic profile of the four tanshinones were altered in CRF rats and also varied after oral administration with compatibility of SMEE and SMWE. The results indicated that four tanshinones have slower uptake and higher elimination in CRF rats. After administering the SMWE and SMEE combination, absorption increases and elimination slows down in CRF rats. The results provide scientific information for further exploration of the mechanisms of the combination of SMWE and SMEE and offer a reference for clinical administration of SM.
